WHAT'S KNOWN ON THIS SUBJECT: Extremely preterm infants are at high risk of neonatal mortality or morbidities. Existing prediction models focus on mortality, specific morbidities, or composite mortality and morbidity outcomes and ignore differences in outcome severity.
Preterm neonates are at elevated risk of neonatal mortality and morbidities including intraventricular hemorrhage (IVH), 1 periventricular leukomalacia (PVL), 2 retinopathy of prematurity (ROP), 3 necrotizing enterocolitis (NEC), 4 bronchopulmonary dysplasia (BPD), 5 and sepsis during hospitalization in the NICU. Severe morbidities during the neonatal period, commonly characterized by grade 3 or 4 IVH, PVL, stage 3 or higher ROP, stage 3 NEC or severe BPD (need for oxygen and either intermittent positive pressure ventilation [IPPV] , highfrequency ventilation [HFV] , or continuous positive airway pressure [CPAP] at 36 weeks' postmenstrual age), are associated with long-term acute and chronic outcomes and neurodevelopmental disability that typically necessitate rehospitalization, ongoing medical care, and family support. 6 Mild morbidities including grade 1 or 2 IVH, stage 1 or 2 ROP, stage 2 NEC, and mild BPD (need for oxygen at 36 weeks without positive pressure) are not benign, and they necessitate additional medical resources and follow-up after discharge from the NICU and increase stress for families.
Numerous studies have developed statistical models to predict mortality 7, 8 or specific morbidities [9] [10] [11] [12] [13] [14] in infants born very preterm. Investigators have also derived statistical models to predict survival without major morbidities by combining infants who die with those who survive with severe morbidities. 15 As physicians and parents face critical decisions about neonatal care with short-and long-term impact on infants' health and families, it is important to predict with high accuracy the probability of both the devastating outcome of mortality and the desired outcome of survival free of morbidities, as well as the range of possible outcomes including survival with mild or severe morbidities.
Among previous prediction models for neonatal mortality in preterm infants, multivariable models predicted mortality better than birth weight or gestational age (GA) alone. 8 Furthermore, prediction models examining a combined outcome of mortality and morbidities did not have better performance than models predicting mortality alone. [16] [17] [18] [19] Therefore, for improved prediction it is important to distinguish between mortality and morbidities and to develop multivariable prediction models that reflect a range of outcomes along the severity spectrum.
The primary objective of this study was to develop a multivariable prediction model for survival free of morbidities, survival with mild morbidities, survival with severe morbidities, or mortality for infants born at #30 weeks' gestation and admitted to level III NICUs in Canada in 2010 and 2011. Our secondary objective was to internally validate the model by applying a bootstrap overfitting or "optimism" correction.
METHODS

Study Population
The Canadian Neonatal Network (CNN) maintains a national standardized database of outcomes and risk factors for infants admitted to level III NICUs in Canada. At each site, data are collected by trained abstractors from patient charts according to the same criteria specified in the CNN Abstractor's Manual 20 and entered electronically into a customized data entry program with built-in error checks. Institutional approval from each site, for data collection and transfer to the CNN coordinating center, is provided either by a local research ethics board or through an institutional quality improvement process.
Infants eligible for this study were born at 23 to 30 weeks' gestation and admitted to level III NICUs participating in the CNN during a 2-year (January 1, 2010-December 31, 2011) study period. Because of imminent mortality, infants declared moribund (those who on admission were prescribed palliative care and for whom no aggressive treatment was provided) or admitted for palliative care were excluded. In addition, infants were excluded if born with a potentially lethal congenital anomaly, if birth date or gender was missing, or if gender was recorded as ambiguous. .20, multiple birth, inborn or outborn status, and cesarean delivery), receipt of antenatal corticosteroids, and receipt of surfactant and mechanical ventilation on day 1 in the NICU. In the CNN database, day 1 was defined as the time from admission until midnight of the same day. GA (complete weeks) was defined as the best estimate based on the date of in vitro fertilization, early ultrasound, last menstrual period, or obstetric estimate, followed by pediatric estimate, in that hierarchical order. 20 Birth weight was available but not used in analyses because of its strong correlation with GA (Pearson correlation coefficient = .75). SGA was derived as weight ,10th percentile for GA according to a gender-specific Canadian reference for birth weight and GA. 24 Chorioamnionitis was excluded as a potential predictor because of the large percentage (26%) of missing data. All potential predictors considered had ,5% missing data, as recommended for complete case data analyses. 25 
Outcome Definition and Potential
Statistical Analyses
The distribution of each covariate was compared between the 4 outcome groups by using the Pearson x 2 test. The Cochrane-Armitage trend test for binary covariates and the MantelHaentsel x 2 test for multilevel factors assessed risk patterns with increasing outcome severity. A generalized logistic regression model was developed to predict survival free of morbidities, mild morbidities, severe morbidities, or mortality using automatic stepwise variable selection among the set of 13 covariates available for model development. Because the main goal was to develop a good prediction model rather than the best-fitting model for the available data, a more liberal significance cutoff, P value ,.1 rather than the typical P value ,.05, was applied for inclusion or exclusion of covariates.
A number of measures were computed by using predicted probabilities from the final multivariable model to assess apparent predictive ability. For each outcome group, calibration plots examined agreement between the observed data and predicted probabilities by using a loess smoothing algorithm (smoothing parameter of 0.5). Measures of predictive accuracy, positive and negative predictive value, sensitivity, and specificity were evaluated considering the highest probability estimate as the predicted outcome and a range of cutoff points. Goodness of fit for the final model was tested by using the C g statistic, 26 which corresponds to an extension of the Hosmer-Lemeshow test to multinomial logistic regression. A Brier skill score compared the generalized Brier score 27 of the final multivariable model with that from the model including only the intercept. The ability of the final multivariable model to discriminate between outcome groups was evaluated by using a concordance C-statistic and corresponding 95% confidence interval (CI). For a binary outcome, the C-statistic corresponds to the area-under-the-curve measure. For multilevel outcomes, the C-statistic assesses concordance and discordance within pairs of subjects from different outcome groups (details provided in the Supplemental Information). 28 Measures of model performance computed by using predicted probabilities from the final multivariable model developed using the complete data are subject to overfitting and therefore are optimistic. For the C-statistic, internal validation was performed using a bootstrap optimism correction computed based on 200 bootstrap samples. 29 The bootstrap is a statistical sample reuse process that can be applied to obtain nearly unbiased estimates of future model performance without holding back data when selecting predictors and obtaining final estimates of model parameters. 30 Bootstrap samples were generated by random sampling a total number of subjects (N), with replacement, from the original data. For each bootstrap sample, a prediction model was developed, and 2 C-statistics were estimated using the bootstrap data and the original data. The bootstrap optimism correction was computed as the mean of the difference between these 2 Cstatistics across all bootstrap samples. The bootstrap-corrected C-statistic was obtained by subtracting the optimism correction from the resubstitution C-statistic computed by using predicted probabilities from the final multivariable model developed by using the original data.
All analyses were performed by using SAS version 9.2 (SAS Institute Inc, Cary, NC), 31 including macros %BVAL and %XVAL 29 revised for generalized logistic regression, and R version 2.13.2 software (R Project for Statistical Computing), 32 including the nonbinROC package. 33 Statistical significance was assessed by using 2-sided P values at the 5% testing level.
RESULTS
A total of 6424 infants born between 23 and 30 weeks' GA with known birth date were admitted to NICUs participating in the CNN in 2010 and 2011. Of these, 318 infants were excluded; details about excluded infants are provided in Fig 1. Among the final 6106 (95% of 6424) infants eligible for this study, 2280 (37.3%) survived without morbidities, 1964 (32.2%) had mild morbidities, 1251 (20.5%) developed severe morbidities, and 611 (10.0%) died. Table 1 presents the joint distribution of morbidities used to derive the outcome groups. Statistically significant differences between outcome groups were detected for all factors, except for gender (borderline significance), multiple birth, maternal smoking, and maternal drug use (Table 2) . Significant trends in outcome severity were detected for all factors, except for gender (borderline significance), maternal smoking, and maternal drug use (Table 2) . Table 3 presents odds ratios and 95% CIs for the 8 factors (GA, SGA, gender, SNAPII .20, outborn status, no antenatal corticosteroids, surfactant on day 1, and IPPV or HFV on day 1) selected in the final multivariable model developed using the complete data. Compared with that of survival free of morbidities, the odds of each mortality, severe morbidities and mild morbidities were significantly higher for lower GA and for infants with SGA, SNAPII .20, or mechanical ventilation using IPPV or HFV on day 1 in the NICU. Moreover, the odds ratio estimate for GA, SGA, SNAPII .20, and mechanical ventilation was larger as outcome severity increased, indicating stronger effects. Mortality and severe morbidities were higher for infants whose mothers did not receive antenatal corticosteroids. The odds of mortality were significantly higher in male infants, and the odds of severe morbidities were higher for infants treated with surfactant on day 1.
Predicted probabilities were generally close to the diagonal line (perfect prediction), except for mortality, which was underestimated by probabilities ..60 ( Supplemental Fig 2) . Measures summarizing the distribution of predicted probabilities and quantifying prediction ability are presented in Table 4. Prediction accuracy was highest for mortality (91%) and lowest for survival with mild morbidities (63%). Additional results using a range of cutoff values are presented in Supplemental Table 6 . No statistically significant differences were detected between predicted probabilities and observed outcomes (C g test P = .96), indicating good model fit. The Brier score = 0.60 from the multivariable model was closer to 0 (perfect prediction) than the Brier score = 0.70 from the model without any covariates, yielding a Brier skill score of 0.15, which indicates that covariates in the multivariable model explain 15% of variability in the data. The bootstrap optimism correction of 0.0036 was negligible, reducing the resubstitution C-statistic = 0.902 (95% CI = 0.897-0.906) to a bias-corrected C-statistic = 0.899 (95% CI = 0.894-0.903).
The complete data prediction model was developed with the following characteristics as baseline: birth at 30 weeks' GA, not SGA, female gender, SNAPII #20, received antenatal corticosteroids, inborn status, no surfactant administration, and no IPPV or HFV on day 1 in the NICU. For an infant with these baseline characteristics, the predicted probability of survival without morbidities, mild morbidities, severe morbidities, and mortality is equal to .76, .20, .04, and .004, respectively (Table 5 , first row). To facilitate computation of predicted probabilities for infants with characteristics different from baseline, Table 5 shows the change in the probability of each outcome level associated with a change from baseline for each risk factor. For example, if an infant has the same baseline characteristics except for SNAPII .20, then the probability of survival free of morbidities decreases by .11, whereas the probability of mild morbidities, severe morbidities, and mortality increases by .04, .05, and .02, respectively (Table 5) . For an infant outborn at 28 weeks' GA who is SGA, male, with SNAPII .20 and treated with antenatal corticosteroids, with surfactant on day 1, and with IPPV or HFV on day 1, the probability of no morbidities is .14, calculated as . Table 5 can be used similarly to compute the probability of mild morbidity as .57, severe morbidity as .25, and mortality as .05.
DISCUSSION
The multivariable model derived in this population-based cohort of extremely preterm infants has high (90%) discrimination to predict, on the first day of admission to the NICU, survival without morbidities, survival with mild morbidities, survival with severe morbidities, or mortality during NICU hospitalization. Internal bootstrap validation showed negligible overfitting bias in the ability of the model to discriminate between outcome groups. The 8 predictors include routinely collected data on GA, SGA, gender, inborn or outborn status, antenatal corticosteroid use, SNAPII score .20, and receipt of surfactant and mechanical ventilation on the first day after NICU admission.
To our knowledge, this is the first statistical model developed to predict multiple points along the entire spectrum of outcome severity. Moreover, the predictive ability of our multipleoutcome model is comparable to recent models developed to predict mortality or survival free of severe morbidity. 8, 15, 19, 34 Because the goal was to predict outcomes after initiation of intensive care, we excluded infants declared moribund or admitted for palliative care. The severity of each morbidity was ranked based on existing classification systems, [21] [22] [23] and the most common and debilitating morbidities, with proven cumulative and additive effects on long-term outcomes in neonates, 3, 35 were classified as severe. Mild morbidities were defined to include all other stages or degrees of morbidities, such that the desired outcome was survival free of any morbidity. Additional refinement to differentiate between type and number of severe and mild morbidities is possible, but requires larger data samples.
To facilitate prediction, investigators have developed graphical tools, 15, 34 but these are limited to prediction of binary outcomes (mortality versus survival, mortality or severe morbidity versus survival free of severe morbidity) and consider the range of only 2 predictors, typically GA and birth weight. In contrast, our prediction model discriminates across a spectrum of outcome severity levels by using 8 factors with variable impact on outcome levels. Furthermore, distinguishing outcome severity levels improves prediction; the C-statistic = 0.902 from the multinomial model exceeds the C-statistic = 0.817 obtained from a logistic model with the same predictors but using a binary indicator outcome for survival without severe morbidities, derived by pooling infants who survived with none or mild morbidities together and pooling those who survived with severe morbidities together with those who died.
Factors in our model include GA, SGA, gender, inborn or outborn status, and antenatal corticosteroid use, which are well-known predictors of survival in preterm infants. 8, 36 As expected, GA was the strongest predictor; GA measured in completed weeks was modeled as a categorical variable rather than as a continuous measure requiring linear and quadratic terms that are difficult (2) 64 (3) 159 (13) 145 (24) 25 74 (3) 172 (9) 265 (21) 124 (20) 26 116 (5) 333 (17) 221 (18) 86 (14) 27 216 (10) 364 (18) 194 (16) 58 (10) 28 346 (15) 353 (18) 154 (12) 44 (7) 29 588 (26) 352 (18) 119 (10) 32 (5) 30 898 (39) 306 (16) 94 (8) 24 (4) SGA (0 missing) 159 (7) 181 (9) 134 (11) to interpret. 15, 34 Because of the high correlation between GA and birth weight, we derived and used SGA (,10th percentile birth weight for GA by gender) as a predictor instead of birth weight. Although the majority (.85%) of infants in this recent (2010-2011) Canadian cohort received antenatal corticosteroids, infants who were not treated with antenatal corticosteroids were at significant disadvantage. Whereas previous studies examined Apgar score at 1 or 5 minutes or the Clinical Risk Index for Babies score to quantify illness severity, we used SNAPII score .20 to provide an objective assessment of infants' health independent of GA and birth weight. The SNAPII score is computed using 5 physiologic measures obtained in the first 12 hours of NICU admission and is a proven predictor of neonatal mortality. 37 Our model also included receipt of surfactant and mechanical ventilation on day 1 of admission, which were generally predictive of poorer outcomes but provided minimal increase in the C-statistic and may be excluded for a more parsimonious model. Furthermore, if SNAPII is replaced by the Apgar or Clinical Risk Index for Babies score, a predictive model can be developed that would be applicable at the time of admission to the NICU. Site was considered as a potential confounder, but because no changes .10% in parameter estimates associated with site were detected, site was excluded as a possible predictor to develop a prediction model that would be generally useful for infants admitted to sites outside the CNN.
Our model was well calibrated for survival without morbidity, survival with mild morbidity, and survival with severe morbidity but tended to underpredict mortality in high-risk infants. The discriminative ability of our model was internally validated by using a bootstrap approach to estimate and correct bias in the C-statistic due to overfitting. The advantage of bootstrap validation is use of the complete data for model development and nearly unbiased estimates of prediction ability. 30 We also considered alternative approaches for internal validation, including split-sample, leave-one-out, and k-fold cross-validation, with comparable estimates of predictive ability (results not shown). Split-sample validation entails random splitting of the data into independent training and validation subsets for model development and assessment, respectively. Although split-sample validation provides unbiased estimates of predictive ability, model building using a smaller training subset may exclude important risk factors that do not reach the required statistical significance threshold because of reduced power. Validation by using a reduced sample will increase the variability of the C-statistic estimate. Furthermore, a single random split can produce substantial imbalances in the distribution of the outcome and predictors, between the training and validation data subsets, resulting in poor model performance. 38 As an alternative to the split-sample approach, sample-reuse methods, including leave-one-out and k-fold crossvalidation, use the complete data for both training and validation. In k-fold cross-validation the complete data are randomly divided into k equal parts (typically 5-10), and each subset is in turn retained for validation while the other k 2 1 subsets are used to train a predictive model. Leave-one-out is a special case of k-fold cross-validation with k = total sample size. The disadvantage of k-fold and leave-one-out cross-validation is that multiple models are validated, and it is difficult to Strengths of our study are the use of a large contemporary cohort representing a population-based sample from across Canada, and meticulous data collection within the network. Data from all NICUs participating in the CNN were collected according to established protocol standards, with data processing undergoing a number of errorchecking steps. The 13 potential risk factors were selected to represent maternal and infant factors of known clinical importance that are commonly recorded. To quantify the impact of predictors on the probability of each outcome group, we have provided the change in outcome probability associated with changes in each risk factor, such that the predicted probabilities of any infant can be computed with simple arithmetic.
Our study was limited by incomplete data on race or ethnicity, and chorioamnionitis, both of which have been reported to be associated with neonatal outcomes. 8, 39 Although multiple imputation methods can be applied to include covariates with missing data, the resulting model would not be applicable to future infants for whom these data are missing. We were unable to perform external validation because a comparable independent data set was not readily available; however, we are establishing collaborations with several other national neonatal networks to externally validate our prediction model in future work.
CONCLUSIONS
We have developed a multivariable model to predict survival without morbidity, survival with mild morbidity, survival with severe morbidity, or mortality for extremely preterm infants admitted to level III NICUs in Canada. The model predicted outcome severity levels with high discrimination and was internally validated. The information about the 8 predictors included in the model is available on the first day of admission to the NICU, thereby facilitating reliable prognostic information for physicians and families early in the neonatal period. 
